studies indicate that miRNAs are important regulators of normal and malignant stem cells.
Among of the most highly expressed miRNAs in HSCs are members of the miR-99 family, a broadly conserved family that exhibits decreased expression upon differentiation (Ooi et al., 2010; Gerrits et al., 2012) . One member, miR-99b, was recently identified as a potential LSC regulator, as it was enriched in AML patients whose transcriptomes exhibited a high "stem cell core enrichment" score (Metzeler et al., 2013) . Another member, miR-99a, was the most significantly enriched miRNA in experimentally defined patient LSC populations (Lechman et al., 2016) . Although these data suggest a role for miR-99 family members in both HSCs and LSCs, to date, a functional role for miR-99 has not been established. In fact, one study reported that miR-99b overexpression did not cause a significant change in HSC long-term repopulating capacity (Guo et al., 2010) . Despite the lack of evidence of miR-99 regulation of HSCs, another group showed that enforced expression of miR-100, a miR-99 family member, inhibited differentiation of AML cells in vitro, suggesting a potential role for the miR-99 family in AML (Zheng et al., 2012) ; however, studies have yet to be performed to confirm this function in primary AML blasts or in a leukemia model in vivo. Because all miR-99 family members are expressed at high levels in HSCs and LSCs, we sought to determine the role of miR-99 in their maintenance. We used a loss-of-function approach to assess miR-99 function, because it is less prone to experimental artifacts (Concepcion et al., 2012) . Using this strategy, we demonstrate that miR-99 is a critical regulator of both HSC and LSC self-renewal, primarily by inhibiting differentiation. reSuLtS mir-99 supports hematopoietic stem cell clonogenic capacity To identify miRNAs that regulate HSC function, we compared miRNA gene expression levels in mouse hematopoietic stem and progenitor cell (HSPC) populations (Chao et al., 2008) . Remarkably, we found that all three members of the highly conserved miR-99 family are expressed at significantly higher levels in mouse HSCs compared with more differentiated populations (Fig. 1 , A-C), suggesting they might play a role in maintaining HSC function.
To determine if miR-99 regulates HSCs, we first performed overexpression studies. Consistent with previous findings (Guo et al., 2010; Emmrich et al., 2014) , enforced expression of miR-99 in HSCs did not significantly alter colony formation ( Fig. S1 A) . We hypothesized that the absence of a phenotype in the context of overexpression may indicate miR-99 is present in vast excess relative to its target genes and that loss-of-function studies might better reveal its biological function. Thus, we used a lentiviral vector expressing an antisense miR-99 oligonucleotide (anti-miR-99) to knock down miR-99 in Lin − c-Kit + Sca-1 + CD34 − CD150 + HSCs (Fig. S1  B) . This approach allows for simultaneous knockdown (KD) of multiple miR-99 family members, helping address the potential redundant roles of miR-99 family members ( Fig. 1 D) . Using luciferase reporters containing 3′ UTRs of known miR-99 targets, SMA RCA5 and HS2ST3 (Sun et al., 2011; Yang et al., 2015) , we confirmed that anti-miR-99 relieves inhibition of miR-99 targets in a dose-dependent manner (Fig. S1, C and D) . miR-99 KD in HSCs did not significantly alter the number of colonies in the first plating in methylcellulose. However, more CFU-M colonies were formed at the expense of CFU-GM and BFU-E colonies (Fig. 1 E) . Upon secondary plating, miR-99 KD also led to reduced colony size and decreased serial replating capacity (Fig. 1, F and G) . miR-99 KD also resulted in increased relative numbers of CFU-M colonies in secondary platings (Fig. S1 , E and G), supporting a monocytic differentiation bias in miR-99 KD HSPCs. Comparable reductions in colony number were observed using a second anti-miR-99 construct (vector 2; Fig. S1 F). The decrease in HSC colony formation was accompanied by accelerated myelopoiesis, as evidenced by an increased proportion of Gr1 + Mac1 + cells upon miR-99 KD (Fig. 1 H) . In addition, total GFP + miR-99 KD cells exhibited increased apoptosis at the end of the first plating ( Fig.  S1 G) . Consistent with these observations, liquid culture of miR-99 KD HSCs showed a reduced absolute number of HSCs 8 d after transduction (Fig. 1 I) . Collectively, these observations demonstrate that miR-99 helps maintain HSPCs in vitro by suppressing their differentiation.
mir-99 regulates HSc long-term reconstitution capacity
Because miR-99 is required to preserve HSC clonogenic capacity in vitro, we sought to test whether miR-99 maintains HSCs in vivo. Transplant of anti-miR-99-transduced HSCs demonstrated a significant reduction in long-term reconstitution capacity compared with scramble (Scr) controls ( Fig. 2 A) . The difference in engraftment was not caused by defects in homing, as HSCs expressing anti-miR-99 or the Scr control had similar numbers of GFP + HSCs in the BM 24 h post-transplant ( Fig. S2A ). In agreement with the in vitro experiments, the peripheral blood (PB) of mice harboring miR-99 KD HSCs showed a significant increase in the proportion of donor-derived Mac1 + myeloid cells (Fig. 2 B) . Further analysis of the PB showed that all lineages, including B cells (B220 + ), T cells (CD3 + ), granulocytes (Gr1 + Mac1 + ), and monocytes (Gr1 neg Mac1 + ), exhibited reduced GFP + chimerism, with the reduction being more prominent in the lymphoid lineage ( Fig. S2 , B-E). Analysis of the BM in miR-99 KD stable grafts revealed reduced GFP chimerism, consistent with the reduced donor chimerism observed in the PB (Fig. S2 F) . Mice transplanted with miR-99 KD HSCs also displayed decreased absolute numbers of GFP + HSCs (Fig. 2 C) and multipotent progenitors (Fig. 2, D and E) . Together, these data demonstrate that miR-99 maintains HSC reconstitution potential.
We next sought to determine the mechanistic basis for the alterations in miR-99 KD HSC function. Analysis of the Figure 1 . mir-99 is highly expressed in hematopoietic stem and progenitors and suppresses myeloid differentiation in vitro. (A-C) Normalized expression levels of miR-99b, miR-99a, and miR-100 as determined by quantitative RT-PCR using miRNA TaqMan probes in mouse hematopoietic cell populations: hematopoietic stem cell (HSC), multipotent progenitor (MPP) Flk − , MPP Flk + , common lymphoid progenitor (CLP), common myeloid progenitor (CMP), granulocyte-macrophage progenitor (GMP), and megakaryocyte-erythroid progenitor (MEP) cells. Expression was normalized against mmu-mir-16. Error bars denote SEM. Representative data from five independent experiments are shown. (D) miR-99 is down-regulated 48 h post-transduction of HSCs with the lentiviral anti-miR-99 vector as shown by quantitative RT-PCR. Expression was normalized against U6 (Student's t test; n = 3). Representative data from two independent experiments are shown. (E) Comparable number of colonies form after miR-99 KD in first plating, with an increase in the number of CFU macrophage (CFU-M) colonies. 100 GFP + HSC cells were cultured in methylcellulose. The colonies were scored after 7 d. Data represent mean percentage ± SEM (Student's t test; n = 3) and are representative of three independent experiments. (F) Smaller colonies were observed after second plating of GFP + cells derived from miR-99 KD HSCs. Representative data of three independent experiments are shown. (G) Colony-forming capacity of HSCs is reduced after miR-99 KD in a second plating. 15,000 GFP + cells were replated 7 d after the first plating. Colony types were scored after 7 to 10 d. Data represent mean count ± SEM (Student's t test; n = 3) and are representative of three independent experiments. (H) miR-99 KD in HSCs induces granulocytic differentiation in methylcellulose colony assays. 7 d after plating, colonies were analyzed for expression of myeloid differentiation markers by flow cytometry. Mean percentage ± SEM (Student's t test; n = 2). Representative data of three independent experiments are shown. (I) Flow cytometry analysis of LSK cells transduced with anti-miR-99 or Scr vectors and maintained in liquid culture for 8 d reveals a decrease in the absolute number of GFP + Lin − Sca-1 + c-Kit + CD150 + HSCs. FSCw denotes forward scatter-width. The data shown are gated on LSK cells. Data represent mean count ± SEM (Student's t test; n = 3) and are representative of two independent experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001. BM revealed that miR-99 KD induced a significant increase in the percentage of cycling lineage-negative Sca1-positive c-Kit-negative (LSK) cells and progenitor cells ( Fig. 2 F) . To investigate the molecular alterations induced with miR-99 inhibition, we performed RNA sequencing (RNA-seq) on GFP + miR-99 KD or Scr LSK cells 3 mo after stable engraftment into lethally irradiated recipients (Fig. 2 G) . Gene set enrichment analysis (GSEA) revealed depletion of genes constituting previously defined HSC signatures, including c-Kit, Mpl, Hoxa9, Meis1, Tie1, and Angpt1 (Ivanova et al., 2002; Subramanian et al., 2005; Jaatinen et al., 2006) . In addition, miR-99 inhibition resulted in enrichment for genes associated with more differentiated progenitors, further confirming miR-99 maintains HSCs in an undifferentiated state (Fig. 2, H and I; Ivanova et al., 2002) . Although total GFP + miR-99 KD BM cells displayed increased apoptosis ( Fig. 2 J) , there were no differences in apoptosis in Scr control versus miR-99 KD LSK cells or progenitors (Fig. S2 , G and H). These findings suggest that at least at the level of LSK and committed progenitors, the major effect of miR-99 KD is to induce differentiation, leading to their depletion, rather than apoptosis. Overall, these results demonstrate that miR-99 maintains mouse HSCs in a quiescent and undifferentiated state.
mir-99 maintains LScs in MLL-AF9 + acute myeloid leukemia
To investigate whether miR-99 may play a role in malignant hematopoiesis, we analyzed the miRNA-sequencing data from 153 AML patients from The Cancer Genome Atlas (TCGA) database. Our analysis revealed that expression of miR-99 family members inversely correlates with bulk blast differentiation status as reflected by the French-American-British classification scheme ( Fig. 3 A) , compatible with a role for miR-99 as an inhibitor of differentiation in AML (Ley et al., 2013) .
AML samples with MLL-AF9 rearrangements have been shown to express higher levels of miR-99b (Garzon et al., 2008) . Thus, we used the retroviral MLL-AF9 model of AML to test the role of miR-99 in leukemogenesis (Krivtsov et al., 2006) . We used anti-miR-99 vector 2 to perform these studies because it knocked down miR-99a to levels comparable to the anti-miR-99 vector 1 but was a more efficient inhibitor of miR-99b expression in human AML cells ( Fig . Transduced cells were transplanted into sublethally irradiated animals. Although miR-99 KD mice displayed reduced splenic involvement, evidenced by decreased c-Kit + cells and fewer LSCs (Fig. S3 , A and B), these primary recipients did not exhibit differences in overall survival ( Fig. S3 C) . Colony-formation assays using leukemic blasts from the BM of primary recipients revealed significant reduction in colony-forming ability upon miR-99 KD, demonstrating that miR-99 regulates MLL-AF9 + AML maintenance (Fig. 3, B and C).
To assess the role of miR-99 in the maintenance of established post-transformed AML, we secondarily transplanted leukemic blasts from the BM of primary recipients. Mice transplanted with miR-99 KD blasts exhibited a significant improvement in survival (median survival 48 d in Scr vs. 92 d in miR-99 KD recipients; Fig. 3 D) . miR-99 family members have been shown to be highly expressed in LSC-enriched populations from patient AML samples (Metzeler et al., 2013; Lechman et al., 2016) . Thus, we asked whether the improved survival is mediated through depletion of the LSC compartment. As leukemic granulocyte-macrophage progenitors (L-GMPs) are the LSCs in the MLL-AF9 model of AML (Krivtsov et al., 2006; Somervaille and Cleary, 2006; Stubbs et al., 2008) , we analyzed the BM of secondary recipients at the time of sacrifice for alterations in L-GMP frequency. This analysis revealed a reduction in the percentage of L-GMPs in mice transplanted with miR-99 KD blasts (Fig. 3 , E and F). To further evaluate the effect of miR-99 KD on LSC function, we performed limiting dilution assays using MLL-AF9 blasts from primary recipients. Leukemia-initiating cell frequency was significantly reduced after transduction with anti-miR-99 ( Fig. 3 G) . Collectively, these data demonstrate that miR-99 is a critical positive regulator of LSC self-renewal.
mir-99 maintains LScs self-renewal by inhibiting differentiation
We next asked whether the decrease in L-GMP induced by miR-99 KD was caused by alterations in differentiation and/or cell cycling of these cells, similar to the phenotype observed in LSK cells. Consistent with this hypothesis, L-GMPs from animals transplanted with miR-99 KD MLL-AF9 AML displayed an increased proportion of cycling cells ( Fig. 4 A) . This phenotype was associated with a dramatic increase in the number of peripheral blood white blood cells (WBCs; Fig. 4 B) . Because secondary transplantation of miR-99 KD blasts resulted in improved survival, we hypothesized that the WBCs were composed of more differentiated cells as opposed to blasts, a phenomenon that has been described with AML differentiation-inducing agents used in the clinic, such as ATRA and IDH1 inhibitors (Nowak et al., 2009) . As expected, Wright-Giemsa staining of PB smears revealed that WBCs from miR-99 KD mice displayed greater differentiation ( Fig. 4 C) . Moreover, miR-99 KD mice displayed a significant increase in the absolute number of c-Kit − cells in the BM, compatible with induction of differentiation ( Fig. 4 D) .
To investigate the molecular mechanisms underlying miR-99 KD-induced AML differentiation, we performed RNA-seq on L-GMPs sorted from secondary transplant recipients ( Fig. 4 E) . GSEA revealed that miR-99 KD induces genes up-regulated in normal hematopoietic progenitors compared with HSCs, including Irf8 and Met (Ivanova et al., 2002) , and this finding was validated by quantitative RT-PCR (Fig. 4 , F and G). To identify an expression signature that enriches for leukemia differentiation genes, we used publicly available RNA-seq data to generate a gene set that is up-regulated in normal GMPs compared with MLL-AF9 L-GMPs (P adj < 0.05; Krivtsov et al., 2006;  Table S1 ). Remarkably, L-GMPs from miR-99 KD mice exhibited enrichment for this gene set, confirming that miR-99 suppresses differentiation in LSCs (Fig. 4 H) . Together, these data indicate that miR-99 maintains LSCs in an MLL-AF9 mouse model of AML in the undifferentiated and quiescent state.
mir-99 suppresses differentiation in human AML
Given that the mature sequences of all miR-99 family members are identical in mouse and human, we hypothesized miR-99 might exert similar biological effects in both mouse and human. To directly assess the roles of miR-99 in human hematopoiesis, we first evaluated miR-99 expression in different HSPC populations from normal human BM, and we found that miR-99 family members display a trend in expression similar to that seen in mice, with the highest expression levels in HSPCs ( Fig. 5 A) . To determine whether miR-99 maintains human HSPCs, we knocked down miR-99 in CD34 + umbilical cord blood cells and performed methylcellulose colony assays. miR-99 KD resulted in decreased colony formation, similar to studies using mouse HSPCs (Fig. 5 B) .
To determine whether miR-99 also regulates human AML blast function, we knocked down miR-99 in the MonoMac6 AML cell line, which harbors an MLL-AF9 rearrangement (Super et al., 1995) . miR-99 KD increased CD14 + and CD15 + myelomonocytic differentiation ( Fig. 5 C) . Evaluation of Wright-Giemsa-stained cytospins confirmed maturation of blasts with reduced nuclear to cytoplasmic ratios and increased cytoplasmic granules ( Fig. 5 D) . These observations demonstrate miR-99 suppresses differentiation in Mono-Mac6 cells. Similar to the effects observed in normal mouse HSPCs, miR-99 KD also induced apoptosis ( Fig. S3 E) .
To test whether miR-99 is required for the maintenance of human AML in vivo, we xenotransplanted miR-99 KD and Scr MonoMac6 cells ( Fig. 5 E) . After 4 wk, miR-99 KD leukemic cells showed a significant reduction in engraftment levels as well as increased CD14 + monocytic differentiation (Fig. 5, F and G) . To investigate the effect of miR-99 KD on patient primary AML blasts, we performed in vitro differentiation assays. miR-99 KD induced CD14 + monocytic differentiation in two of three samples (Fig. 5 H) . Collectively, these results replicate our findings in the MLL-AF9 + mouse model of AML and demonstrate that miR-99 similarly suppresses differentiation in human AML blasts.
An shrnA screen identifies functional mir-99 targets
We next sought to identify miR-99 targets that mediate its effects on Lin − Sca-1 + c-Kit + (LSKs) cells by performing an shRNA library screen against candidate miR-99 targets to test their ability rescue miR-99 KD-induced HSPC clonogenic defects; such shRNAs would be predicted to be enriched upon serial replating of miR-99 KD LSK cells. To design a list of genes for inclusion in the shRNA library, we acutely knocked down miR-99 in LSK cells followed by RNA-seq after 48 h to determine which of the predicted target genes are likely direct targets of miR-99 ( Fig. 6 A) . Consistent with induction of differentiation, genes up-regulated after miR-99 KD included cytokine and Toll-like receptor signaling pathways (Miranda and Johnson, 2007;  Fig. 6 B) . Furthermore, GSEA revealed significant induction of the NF-κB pathway and chemokine signaling (Fig. S3 F) . We also observed genes induced with differentiation of HSCs into committed progenitors including Cd14, Cd86, Il7R, and Ccl5 (Fig. 6 C; Jaatinen et al., 2006) . To include all potential genes mediating the phenotype, we compiled miR-99 predicted target genes from multiple algorithms and generated a list of 344 miR-99 targets ( Table S2 C). We generated shRNAs against 45 candidate genes based on their miRNA-binding scores and also included shRNAs against two genes (Tet2 and Tgif1) previously shown to increase colony formation when knocked down as positive controls (Moran-Crusio et al., 2011; Yan et al., 2013) . LSK cells were cotransduced with the shRNA library and anti-miR-99 vectors and then FACS sorted into methylcellulose and replated after 10 d. Genomic DNA (gDNA) was extracted from the resulting colonies to assess retroviral integrants (Fig. 6 E) . The relative representation (enrichment score) of each shRNA was calculated immediately after transduction (T0) and at the end of the secondary plating for each replicate. Enrichment scores after secondary plating were normalized to T0 enrichment scores (i.e., the normalized enrichment score). Average normalized enrichment scores from three biological replicates were used to rank the genes, and genes predicted to be targeted by miR-99 in both mouse and human were prioritized for functional validation. As expected, the positive controls were among the most highly enriched shRNAs, validating the robustness of the screen (Fig. 6 F) . Among the top enriched target genes shared between mouse and human were a number of genes including the ribonucleoprotein Raver2, bone morphogenetic protein receptor type II (Bmpr2), and the transcription factor Hoxa1 ( Fig. 6 F and Table S2 G).
mir-99 inhibits differentiation by targeting HoXA1
Among the top enriched genes identified in our shRNA screen, we prioritized Hoxa1 for functional validation, because all four shRNAs designed against this gene exhibited enrichment (Fig. 6 G) . In addition, Hoxa1 has been shown to exhibit an inverse expression pattern to miR-99 in several (Table S1 ). **, P < 0.01; ***, P < 0.001. (1) HOXA1 is induced upon ATRA-induced differentiation of the NB4 AML cell line (Park et al., 2003) , (2) it is up-regulated as BM precursors differentiate into macrophages (De Santa et al., 2007) , and (3) its expression is highest in the more differentiated M5 AMLs (Fig. S3I ) . Finally, previous work in the nonhematopoietic context has shown that Hoxa1 is a bona fide target of the miR-99 family using luciferase assays Wang et al., 2015) . Moreover, Hoxa1 is shown to be a conserved target of the miR-99 family in mouse and human (Fig. S3 J) .
To test whether HOXA1 mediates the effects of miR-99 on differentiation, we overexpressed HOXA1 in MonoMac6 cells, where we previously demonstrated miR-99 normally inhibits differentiation. Confirming miR-99 targeting of HOXA1 in the hematopoietic context, miR-99 overexpression reduced HOXA1 mRNA expression ( Fig. 7 A) , whereas miR-99 KD increased HOXA1 mRNA expression ( Fig. 7 B) . Although Hox family members are generally thought to promote self-renewal (Argiropoulos and Humphries, 2007) , enforced expression of HOXA1 ( Fig. S3 K) induced myeloid differentiation in MonoMac6 cells as evidenced by increased expression of CD14 and CD15 by flow cytometry (Fig. 7 C, D) . Wright-Giemsa staining confirmed increased differentiation of leukemic blasts demonstrated by acquisition of cytological features consistent with myelomonocytic maturation (Fig. 7 E) . As expected, enforced expression of HOXA1 fully mimicked the miR-99 KD phenotype, as the increased differentiation was also associated with reduced cell growth and induction of apoptosis (Figs. 7 F, G) . Together, these data demonstrate that miR-99 suppresses differentiation in MonoMac6 cells by targeting HOXA1.
To investigate whether Hoxa1 mediates miR-99 function in the stem cell compartment, colony-forming assays were performed on Lin − c-Kit + Sca-1 + cells in which miR-99 and Hoxa1 were simultaneously suppressed. Hoxa1 KD efficiency was confirmed by quantitative RT-PCR ( Fig. 7 H) . Consistent with our shRNA library screen results, Hoxa1 KD in LSK cells rescued the reduction in colonies formed upon secondary plating of miR-99 KD cells (Fig. 7 I) . Furthermore, simultaneous KD of Hoxa1 increased the size of colonies that were smaller with miR-99 KD alone (Fig. 7 J) . Together, these data confirm Hoxa1's central role in mediating miR-99 KD phenotypes in normal hematopoiesis.
To investigate the role of Hoxa1 in MLL-AF9 AML, we transduced blasts from primary MLL-AF9 miR-99 KD AMLs with the more potent Hoxa1 shRNA virus (shHoxa1-#2; Fig. 7 H) . The infected cells (GFP + tdTom + mCherry + ) were transplanted into sublethally irradiated mice ( Fig. 7 K) . miR-99 KD resulted in improved survival as expected, whereas simultaneous KD of Hoxa1 rescued this phenotype and shortened survival (Fig. 7 L) . To test whether Hoxa1 KD affects LSC function, we analyzed the BM of the leukemia-engrafted animals at the time of death. miR-99 KD resulted in decreased L-GMPs, whereas simultaneous KD of Hoxa1 reversed this effect (Fig. 7 M) . Analysis of L-GMPs from secondary recipients confirmed the expected changes in Hoxa1 mRNA expression, with miR-99 KD resulting in higher levels of Hoxa1 and Hoxa1 KD reversing this effect (Fig. 7 N) . Collectively, these data demonstrate that miR-99 mediates its role in MLL-AF9 AML LSCs by suppressing Hoxa1.
dIScuSSIon
Using a combination of in vitro and in vivo approaches, our studies demonstrate that miR-99 is a critical regulator of self-renewal in both HSC and LSCs. miR-99 maintains stem cell function by suppressing differentiation, and this role is conserved in both mouse and human hematopoiesis. Although gene expression studies including our own had suggested that miR-99 might serve a functional role in HSCs and LSCs, prior studies using overexpression approaches failed to demonstrate a function for miR-99 in HSC regulation. However, our loss-of-function approach reveals a significant effect of miR-99 on HSC and LSC self-renewal. These findings suggest targeting miR-99 is a promising therapeutic strategy in contexts where depletion of one or both populations is desirable, such as eradication of preleukemic HSCs and LSCs in AML as well as HSC differentiation therapies for diseases that arise in HSCs, such as CML and MDS. miRNAs exert their biological effects by inhibiting multiple downstream target genes (Lewis et al., 2005; Bartel, using the database for annotation, visualization, and integrated discovery (DAV ID). The top functional groups are depicted as a function of −log (p-value). (C) GSEA of the differentially expressed genes in LSK cells after miR-99 KD reveals induction of a differentiation gene signature. The gene set denotes genes down-regulated in CD133 + cells (hematopoietic stem cells [HSCs]) compared with CD133 − cells. (D) Top up-regulated miR-99 target genes identified from RNA-seq experiments in LSK cells transduced with miR-99 KD or scramble control vectors. FC, fold change. (E) Schematic representation of the shRNA library screen experiment designed to identify miR-99 target genes that rescue the hematopoietic phenotype induced by miR-99 KD. LSK cells were cotransduced with lentiviral anti-miR-99 and the retroviral shRNA library. 48 h later, the resulting GFP + mCherry + cells were FACS sorted into complete methylcellulose and allowed to form colonies. 10 d later, colonies were resuspended, and cells were replated a second time and cultured for an additional 7 d. gDNA from the resulting GFP + mCherry + cells was deep sequenced to identify integrated shRNAs. Representative data from three independent experiments are shown. (F) Pooled shRNA library screen identifies genes that are positively selected in LSKs transduced with anti-miR-99 KD. The y axis depicts normalized enrichment scores, which is defined as the enrichment score for each shRNA divided by its enrichment score at T0, calculated as the mean of three independent experiments, and shown in descending order. The x axis denotes genes from the screen that are predicted to be targeted by miR-99 both in mouse and human. Positive controls included shRNAs targeting Tet2 and Tgif1. Average data from three independent experiments are shown. (G) Normalized enrichments scores and the number of independent enriched shRNAs for each gene, depicted for the top genes identified in the shRNA screen. Average data from three independent experiments are shown. ), making it difficult to identify the genes that mediate their phenotypes. In this study, we used an shRNA librarybased forward genetic screen to identify miR-99 targets that mediate the HSPC replating defect induced upon miR-99 KD. Among the top hits was the transcription factor HOXA1, which we confirmed mediates the differentiation phenotype induced after miR-99 KD in AML cell lines, hematopoietic stem and progenitor cells as well as leukemic stem cells; this is an unexpected finding considering that Hox family members are generally known for their role in promoting self-renewal and leukemogenesis (Argiropoulos and Humphries, 2007) . This finding emphasizes the need to perform unbiased screens to identify miRNA mechanisms of action rather than a candidate gene approach based on previously defined roles. Although this screen sheds light on the mechanism of miR-99 function, our data do not exclude the possibility that miR-99 may mediate HSC and LSC function by targeting more than one gene. Although two other top hits from the shRNA screen, Raver2 and Bmpr2, were up-regulated upon miR-99 KD in LSKs, they did not display an increase after miR-99 inhibition in MonoMac6 cells, suggesting they may not contribute significantly to the differentiation phenotype in this cell line. Nonetheless, it will be important to further test the functional interactions between Hoxa1 and these genes and additional targets identified in our screen, in both the normal and leukemic context.
Approximately 60% of mammalian miRNAs are members of polycistrons (Chiang et al., 2010) . As such, miRNAs with different seed sequences are transcribed simultaneously, and this coordinate expression is presumed to confer important biologic advantages (Han et al., 2015) . miR-99 family members are located on polycistrons that also include members of the miR-125 and let7 families. As miR-125 also promotes HSC self-renewal (Guo et al., 2010; Ooi et al., 2010; Gerrits et al., 2012) , our findings suggest that miR-125 and miR-99 have coevolved to support HSC function, which would potentially provide the basis for their coevolution and gene duplication as members of the same miRNA polycistron. Given that ectopic overexpression of the polycistron did not increase HSC function more than overexpression of miR-125 only, the action of miR-99 may depend on the expression of miR-125 or may be further modulated by let7. Intriguingly, prior studies suggest that let-7 may balance the effects of miR-125 and miR-99 by suppressing HSC function (Copley et al., 2011 (Copley et al., , 2013 Zipeto et al., 2016) , a possibility also suggested by its ability to promote differentiation of AML cells (Pelosi et al., 2013) . It will be important to dissect these interactions in more depth in the future, as well as post-transcriptional mechanisms that control expression of each of the miRNAs that constitute this cluster. Future experiments may also address the transcriptional regulation of this polycistron. Although HOXA10 and CDX2 have been shown to activate expression of this cluster, these studies were not performed in primary normal and malignant hematopoietic populations (Lin et al., 2011; Emmrich et al., 2014) .
Although our data reveal for the first time that miR-99 promotes HSC and LSC self-renewal by inhibiting differentiation, a prior study using overexpression approaches failed to demonstrate a role for miR-99 in HSC function (Guo et al., 2010) , a finding we confirmed in our own studies ( Fig.  S1 A) . There are several potential reasons for these differences. First, whereas miR-99 is highly expressed in HSCs, it is predicted to target a relatively small number of genes (only 47 conserved targets, in contrast to miR-125 and let-7, which are predicted by the TargetScan algorithm to target 1,032 and 740 targets, respectively; Lewis et al., 2003 Lewis et al., , 2005 Grimson et al., 2007) . Thus, miR-99 expression may be sufficiently high in HSCs for maximal target inhibition, rendering ectopic expression of miR-99 incapable of inducing further phenotypic change. In this scenario, knock- ing down miR-99 would still be able to release inhibition of miR-99 targets and induce phenotypes. Supporting this possibility, studies have established the importance of miRNA/target mRNA stoichiometry in determining the physiological consequences of miRNA expression, as the presence of fewer predicted target transcripts allows miR-NAs to down-regulate their target genes more efficiently (Arvey et al., 2010) . Therefore, bioinformatic approaches identifying relative miRNA/target gene expression levels in HSCs might help resolve these paradoxical results. Finally, whereas miR-99 overexpression studies evaluate the effect of overexpressing individual miRNAs, antagomir targeting strategies that inhibit multiple family members may induce more dramatic phenotypes (Fig. 1 D) . This phenomenon has been observed in studies of other miRNAs in the hematopoietic system, as miR-146a KD in mouse HSPCs increased megakaryopoiesis in vivo (Starczynowski et al., 2010) , whereas overexpression failed to alter megakaryocyte development or platelet production (Opalinska et al., 2010; Starczynowski et al., 2011) . Collectively, our studies highlight the importance of using complementary approaches to evaluate miRNA function in the hematopoietic system.
MAterIALS And MetHodS cell sorting
Antibody staining and enrichment procedures for HSCs and multipotent progenitor, common myeloid progenitor, common lymphoid progenitor, granulocyte-macrophage progenitor, and megakaryocyte-erythroid progenitor cell sorting and analyses were performed as previously described (Akashi et al., 2000; Christensen and Weissman, 2001; Kiel et al., 2005) . constructs Lentiviral vectors (Fig. S1 B) were constructed in the miR-Zip backbone (Systems Biosciences) using the following sequences for anti-miR-99 vector 1: 5′-GAA CCC GTG GAT CCG ATC CTG CGC TTC CTG TCA GCA CAA GAT CGG ATC TAC GGG TTT TTTT-3′ and anti-miR-99 vector 2: 5′-GCA CCC GTG GAA CCG ACC GTG AGC TTC CTG TCA GCG CAA GGT CGG TTC TAC GGG TGT TTTT-3′.
Retroviral vectors (Fig. S3 B) were constructed using previously described miR-30 shRNA expression vectors (Dickins et al., 2005) . The classical shRNA sequences used in lentiviral backbones were modified into sequences compatible with miR-30 constructs. The sequence used for vector 2 is 5′-AAG GTA TAT TGC TGT TGA CAG TGA GCG AAC CCG TGG AAC CGA CCG TGA GTA GTG AAG CCA CAG ATG TAC GCA AGG TCG GTT CTA CGG GTG TGC CTA CTG CCT CG-3′.
shRNA sequences used to knock down Hoxa1 included the following 97-mer oligo sequences: shHoxa1#1, 5′-TGC TGT TGA CAG TGA GCG CTC CAC TTC AAC AAG TAC CTT ATA GTG AAG CCA CAG ATG TAT AAG GTA CTT GTT GAA GTG GAA TGC CTA CTG CCT CGGA-3′; shHoxa1#2, 5′-TGC TGT TGA CAG TGA GCG ACC AGT ACA TTC ACC ACT CAT ATA GTG AAG CCA CAG ATG TAT ATG AGT GGT GAA TGT ACT GGG TGC CTA CTG CCT CGGA-3′.
Methylcellulose assays
For colony replating assays, mouse LT-HSCs (c-Kit + Sca-1 + Lin − CD150 + CD34 − ) cells were transduced with lentiviral anti-miR-99. Cells were maintained in DMEM-F12 with 10% FCS, 1× penicillin/streptomycin, 1× Glutamax, 10 ng/ ml mSCF, 10 ng/ml mFlt3 ligand, 10 ng/ml thrombopoietin (mTPO), 10 ng/ml mIL-3, and 10 ng/µL mIL-6. 48 h after transduction, 100 GFP + cells were plated into complete methylcellulose media containing mIL-3, mIL-6, mSCF, and mEPO (Methocult M3434; STE MCE LL Technologies) for 7 d. After counting the colonies, all cells were resuspended in FACS media and analyzed for expression of cell surface markers. 20,000 GFP + cells were used for replating assays, and the colonies were scored 7 to 10 d afterwards.
For human colony-forming assays, CD34 + cells were enriched using CD34 magnetic beads (catalog no. 130-046-702; Miltenyi Biotec). Prior to adding the CD34 + cells, lentiviral miR-Zip virus was spinofected for 2 h at 2,300 g in a 24-well plate precoated with 100 µg/ml Retronectin according to the manufacturer's guidelines (catalog no. T100A; Clontech). The cells were then added to the plate and spun at 400 g for 10 min. Cells were maintained in StemSpan (STE MCE LL Technologies) supplemented with 10% FCS, 20 ng/ml TPO, 20 ng/ ml IL-3, 20 ng/ml granulocyte colony-stimulating factor, and 1× penicillin/streptomycin overnight. 1,500 GFP + cells were plated into H4435 media (STE MCE LL Technologies), which contains SCF, IL-3, IL-6, EPO, granulocyte colony-stimulating factor, and granulocyte-macrophage colony-stimulating factor. The colonies were scored after 14 d in culture.
For MLL-AF9 colony-formation assays, 1,000 GFP + tdTom + blasts from primary recipients were plated into M3434 media (STE MCE LL Technologies). 1,000 GFP + tdTom + cells were replated every 7 d.
AML cell line differentiation in vitro
MonoMac6 cells were obtained from ATCC and maintained according to their guidelines. MonoMac6 cells were supplemented with RPMI containing 10% FCS, 1× penicillin/ streptomycin, and 1× Glutamax (Thermo Fisher Scientific). 10 5 cells were plated in 12-well plates and transduced with lentiviral anti-miR-99 or Hoxa1 overexpression viruses by spinofection at 1,200 g at 37°C for 1 h. Cells were washed the next day and then cultured in RPMI as described above. Expression of myeloid differentiation makers was analyzed by flow cytometry 5-8 d after infection.
Mice and transplantations
LT-HSCs (c-Kit + Sca-1 + Lin − CD150 − CD34 − ) were double-FACS sorted and transduced with lentiviral anti-miR-99. The cells were kept in DMEM-F12 with 10% FCS, 10 ng/ ml SCF, 10 ng/ml Flt3 ligand, 10 ng/ml TPO, 10 ng/ml IL-3, and 10 ng/ml IL-6. 48 h after transduction, GFP + cells were sorted and used for transplants along with 300,000 Sca-1depleted BM helper cells. Transplantations were performed by retro-orbital injection into lethally irradiated (2 × 475 rad) C57BL/6J mice (5,000 GFP + cells per mouse). Helper cells were Sca-1 depleted using Sca-1-Biotin (catalog no. 108104; BioLegend) antibody and streptavidin beads (catalog no. 130-048-102; Miltenyi Biotec) according to the manufacturer's instructions. All mice were maintained under pathogen-free conditions according to a Memorial Sloan Kettering Cancer Center (MSK CC) Institutional Animal Care and Use Committee-approved protocol.
shrnA library screen
The shRNA library against candidate miR-99 target genes was generated by designing four shRNA sequences per gene (Table S2 , D and E) and cloning them into an miR-E-based shRNA expressing retrovirus ( Fig. S3 H; Fellmann et al., 2013) , including 192 shRNAs against 47 target and control genes. 4-7 × 10 6 LSK cells were sorted from 10 to 15 C57BL/6J mice per replicate and transduced simultaneously with a lentiviral GFP + anti-miR-99 and retroviral mCherry+ shRNA library. Cells were maintained in DMEM-F12 with 10% FCS, 10 ng/ml mSCF, 10 ng/ml mFlt3 ligand, 10 ng/ ml mTPO, 10 ng/ml mIL-3, and 10 ng/ml mIL-6. 48 h post-transduction, mCherry + GFP + cells were sorted into M3434 Methocult media (STE MCE LL Technologies). More than 2,000 colonies were obtained at the end of the first plating (shRNA coverage >10-fold) after 10 d. The colonies were resuspended in FACS buffer, and the GFP + mCherry + cells were used for secondary plating. After 7 d, the cells were harvested for gDNA extraction and sequenced. The experiment was repeated in three independent biological replicates. Lentiviral transduction of patient AML samples AML patient samples were thawed and plated in StemSpan (STE MCE LL Technologies) supplemented with 10% FCS, 20 ng/ml hTPO, 20 ng/ml hIL-3, 20 ng/ml granulocyte colony-stimulating factor (hG-CSF), and 1× penicillin/streptomycin overnight. Lentiviral anti-miR-99 viral particles were spun for 2 h at 1,200 g in 24-well plates precoated with 100 μg/ml Retronectin (Takara). Cells were resuspended in media, added to the plate, and the spun at 400 g for 10 min.
Luciferase assays
HS3ST2 and SMA RCA5 3′ UTRs were amplified by PCR using human genomic DNA and the following primers: HS3ST2 forward, 5′-GCT GCT CGA GCC GTG AGA TTT GCT CCC AGA-3′; HS3ST2 reverse, 5′-ATA GCG GCC GCT TAA GGA CAC GAG AGA GCCA-3′; SMA RCA5 forward, 5′-GCT GCT CGA GCA GTA GTT CTT TAA TTT ACG GGT CT-3′; SMA RCA5 reverse, 5′-ATA GCG GCC GCG AAG CCT ATT TTA TTA CTT CAA GTG TT-3′.
The resulting PCR products were then cloned in the PsiCHE CK-2 vector for measurement of luciferase activity (catalog no. C8021; Promega). cell cycle analysis BM cells were sorted for the indicated cell populations and subsequently fixed and permeabilized using 80% ethanol. The cells were incubated with anti-Ki67-PE antibody (catalog no. 556027; BD PharMingen) and resuspended in 500 µl PBS and 0.2 µg/ml DAPI before flow cytometry analysis. reverse transcription quantitative Pcr Total RNA was extracted from cells using TRIzol (Sigma) or an RNeasy kit (QIA GEN). cDNA was generated using a First-strand cDNA Synthesis Kit (Thermo Fisher Scientific), a TaqMan MicroRNA Reverse Transcript Kit (Applied Biosystems), or Quantimir (Systems Biosciences). TaqMan probes for individual miRNAs were purchased from Applied Biosystems. β-Actin and miR-16 were used as internal housekeeping controls. online supplemental material Fig. S1 shows results from luciferase reporter assays to identify miR-99 targets as well as in vitro experiments after miR-99 KD and overexpression in HSPCs. Fig. S2 includes data for in vivo transplant studies of miR-99 KD HSCs as well as studies characterizing the retroviral anti-miR-99 vector in MLL-AF9 AML. Fig. S3 shows data related to characterization of MLL-AF9 AML primary recipients, limiting dilution transplants, snf shRNA library screen results. Tables S1 and S2 are provided as Excel files. Table S1 lists genes up-regulated comparing LGMPs with normal GMPs. Table S2 shows RNA-Seq and DNA deep sequencing data regarding the shRNA library experiment on primary hematopoietic stem and progenitors.
